The HLA-G molecule plays an important role in immune tolerance, protecting the fetus from maternal immune attack, and probably contributes to graft tolerance and tumor escape from the host immune system. HLA-G expression is tightly regulated and involves mechanisms acting in part at the transcriptional level. Nevertheless, almost all regulatory sequences that govern constitutive and inducible HLA class I gene transcription are disrupted in the HLA-G gene promoter, suggesting an unusual regulatory process. In further investigating the molecular mechanisms of HLA-G gene activation, we evaluated the influence of epigenetic mechanisms on seven HLA-G-negative cell lines that exhibit various phenotypes. Exposure of cells to histone deacetylase inhibitors, or to the demethylating agent 5-aza-2-deoxycytidine, revealed that HLA-G gene transcription is inhibited by DNA methylation. Reversal of methylation-mediated repression may directly induce HLA-G cellsurface expression, supporting the idea that HLA-G might be activated by such a mechanism during malignancy, inflammation, and allogenic reactions.
B
oth classical and nonclassical HLA class I genes play a key role in the regulation of the immune response. Although HLA class I genes and products exhibit very close homologies, they acquire very specific functions, with correspondingly tight regulation. To date, numerous data concerning molecular mechanisms involved in the regulation of classical HLA class I genes have accumulated. Nevertheless, the key mechanisms controlling the constitutive and inducible expression of the nonclassical HLA class I HLA-G gene, an important molecule in the establishment of immune tolerance, remain to be elucidated, by examining alternative regulatory pathways.
Classical HLA-A, -B, and -C genes encode highly polymorphic HLA class I glycoproteins that serve as peptide presenters to cytotoxic T lymphocytes and stimulate killing of the HLA class I antigen-presenting cell. These molecules have broad tissue distribution expression that is tightly controlled at the transcriptional level by several conserved regulatory elements in the proximal promoter region. Enhancer A and IFN-stimulated regulatory element respectively, bind nuclear factor B and IFN regulatory factor 1, mediating the constitutive and cytokine-induced expression of HLA class I genes (1, 2) . The SX1X2Y module that is shared with HLA class II gene promoters binds the RFX and activating transcription factor͞cAMP response element-binding protein factors, allowing their constitutive and CIITA-mediated transactivation (3) .
The nonclassical HLA-G gene encodes the following quasimonomorphic molecules: four membrane-bound proteins (HLA-G1 to -G4) and three soluble proteins (HLA-G5 to -G7), generated by alternative splicing of the HLA-G primary transcript (4) (5) (6) (7) . HLA-G molecules are involved in the inhibition of both T and natural killer (NK) cell-mediated cytolysis through interaction with the ILT2, ILT4, and KIR2DL4 receptors (8) (9) (10) (11) (12) . The constitutive expression of HLA-G proteins in extravillous cytotrophoblasts (13) , and in a few other tissues (14) (15) (16) , correlates with high transcriptional activity, whereas levels of HLA-G gene transcripts are generally low or absent in other tissues (17) . HLA-G is also activated in virusinfected cells (18, 19) , in tumoral (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) and inflammatory (30) (31) (32) pathologies, and during allogenic processes (33) (34) (35) .
HLA-G is in part regulated at the transcriptional level (36) . Nonetheless, HLA class I cis-acting regulatory elements are disrupted in the HLA-G gene promoter (37) rendering that gene unresponsive to nuclear factor B, IFN regulatory factor 1, and CIITA factors (38) . Despite the presence of an intact X1 box (39), the HLA-G gene promoter does not bind the RFX5 factor in vivo (P.R., K. Masternak, W. Reith, J.D., E.D.C., and P.M., unpublished observation). On the other hand, the HLA-G gene may be activated by stress (40) and leukemia inhibitory factor (41) treatments and is stimulated by IL-10 (42), IFNs (43, 44) , GM-CSF (45) , and glucocorticoids (46) . More recently, three CRE͞TRE elements identified in the 1,438-bp promoter region of the HLA-G gene were shown to mediate its regulation by cAMP response element-binding protein͞activating transcription factors (47) . Nevertheless, the binding of these factors was observed in cells that did not express HLA-G, suggesting that they do not account for tissue-specific expression.
DNA methylation and histone modification are interrelated epigenetic mechanisms known to play a key role in transcriptional control (48) . Thus, they may be implicated in alternative pathways that control HLA-G gene expression. DNA methylation of CpG islands is widely used in mammals, notably in genomic imprinting and X-chromosome inactivation, and aberrant methylation patterns in CpG are also a hallmark of human cancer (49, 50) . These regulatory pathways have been poorly investigated for the HLA-G gene and remain to be clarified. Indeed, DNA CpG methylation has been analyzed in the JAR choriocarcinoma cell line, revealing the activation of HLA-G transcription after treatment with the demethylating agent 5-azacytidine (51) . Conversely, no correlation was observed between HLA-G gene transcriptional activity and methylation of CpG islands in the 5Ј part of the HLA-G gene in cells that either express HLA-G transcripts (trophoblasts, JEG-3 cells, CD2 ϩ lymphocytes) or do not (syncytiotrophoblasts, CD34 ϩ cells) (51, 52) .
In the present study, these aspects are reexamined using seven cell lines exhibiting negative HLA-G transcription. We show that methylation-mediated repression of the HLA-G gene is a more general mechanism than expected. (Table 1) .
Materials and Methods
Standard and Real-Time RT-PCR Analysis. Total RNA was extracted from 5-10 million cells by adding 1 ml of RNAwiz reagent (Ambion) according to the manufacturer's recommendations. Residual DNA was eliminated by DNase I treatment (10-20 units͞100 g, Roche Molecular Biochemicals) for 1 h at 25°C. Retrotranscription was carried out for 1 h at 42°C on 5 g of RNA, which was denatured for 5 min at 65°C, using oligo(dT) primer (0.5 g, Invitrogen) and Moloney murine leukemia virus (MMLV)-reverse transcriptase (200 units, Invitrogen) in a final volume of 20 l. The reaction was stopped by heating at 95°C for 8 min. PCR was carried out according to the 13th HLA Workshop (56) procedure with a Perkin-Elmer DNA thermal 2400 cycler in a total volume of 100 l containing 2 l of the reverse transcription reaction, 200 M each dNTP (Invitrogen), 100 ng of each primer, 10 l of 10ϫ Taq buffer (Perkin-Elmer), and 2.5 units of Taq DNA polymerase (PerkinElmer). Coamplification of HLA-G cDNAs (pan-HLA-G primers: G.257F͞G.1004R and HLA-G5-specific primers: G.526F͞G.i4b; ref. 23) , and ␤-actin was used as an internal standard (forward primer: 5Ј-ATCTGGCACCACACCTTCTACAATGAGCT-GCG; reverse primer: 5Ј-CGTCATACTCCTGCTTGCTGATC-CACATCTGC) was carried out for 30 sec at 94°C, for 45 sec at 61°C, and for 1 min at 72°C for 35 cycles, and ␤-actin primers were added for the last 16 amplification cycles. After amplification, PCR products were separated on a 1.5% agarose gel, denatured for 20 min by 0.4 M NaOH, then vacuum-transferred onto Hybond-N ϩ membranes (Amersham Pharmacia). Successive membrane hybridizations were carried out with the 32 P-labeled HLA-G-specific GR probe or with the 32 P-labeled ␤-actin probe (56) . Dehybridizations were done in boiling 0.5% SDS solution. Hybridized membranes were exposed to a Biomax film (Kodak).
Real-time RT-PCR (ABI Prism 7000 SDS, Applied Biosystems) was used to quantify variations in the amounts of HLA-G transcripts after cell treatment compared with those of JEG-3. Duplex PCR was carried out for 40 amplification rounds in the presence of TaqMan Universal PCR Master Mix, using the predeveloped TaqMan assay reagent GAPDH as an endogenous control [probe with VIC reporter and 6-carboxytetramethylrhodamine (TAMRA) quencher (Applied Biosystems)], HLA-G-specific probe located in exon 5 [200 nM; Applied Biosystems: 5Ј-CACTGGAGCTG-CGGTCGCTGCT; 6-carboxyfluorescein (FAM) reporter and TAMRA quencher] and HLA-G-specific primers [300 nM (Qbiogene, Illkirch, France): forward 5Ј-CTGGTTGTCCTTG-CAGCTGTAG; reverse 5Ј-CCTTTTCAATCTGAGCTCT-TCTTTCT] we designed, using PRIMER EXPRESS software. The primers were selected to amplify all alternative forms of HLA-G transcripts, including those deleted in the 3ЈUTR because of the presence of a 14-bp polymorphism (57) . The specificity of HLA-G cDNA amplifications was assessed on various cell lines that did not express classical and nonclassical HLA class I genes and that did or did not express HLA-class II genes (not shown). Quantification relative to JEG-3 was carried out in duplicate, using the comparative C T method:
Monoclonal Antibodies (mAbs).
The following mAbs were used: 4H84, IgG1 anti-denatured HLA-G heavy chain (kindly provided by M. McMaster, Department of Stomatology, University of California, San Francisco), and MemG͞09 (Exbio, Prague) which is the IgG1 conformational antibody against HLA-G1 and HLA-G5.
Western Blotting. Dry cell pellets (0.4 million) were incubated for 1 h at 4°C in 10 l of lysis buffer containing 1% Nonidet P-40, 0.05 M Tris⅐HCl, and Complete (Roche Diagnostics). Proteins were denatured by heat and 2-mercaptoethanol, then separated by electrophoresis in SDS͞12% polyacrylamide gels. The proteins on the gels were electroblotted onto Hybond-C extra membrane (Amersham Pharmacia). The membranes were blocked for 30 min in PBS containing 0.2% Tween-20 and 5% nonfat dry milk. Membranes were then incubated with the 4H84 mAb diluted 1͞10,000 for 12 h, and after washing, were incubated with F(abЈ) 2 goat anti-mouse IgG antibody conjugated with horseradish peroxidase diluted 1͞10,000 for 30 min. After washing, membranes were treated with enhanced chemiluminescence reagent (ECL Plus Western Blotting Detection Systems, Amersham Biosciences) and exposed to Biomax film (Kodak) for 1-10 min.
Immunocytochemistry. Cells (0.5 million) were cytocentrifuged on Superfrost͞plus slides by Cytospin-3 (Shandon, Pittsburgh) and fixed in cold acetone for 10 min. Immunochemistry analysis was carried out by using the Streptavidin-Biotin Universal Detection system (Immunotech, Westbrook, ME) according to the manufacturer's instructions. Nuclei were counterstained in Mayer's hematoxylin (Sigma) for 5 min. Each cell line was stained by using the IgG1 isotype control diluted 1͞200, 4H84 mAb diluted 1͞500, and the anti-tubulin positive-control antibody diluted 1͞100. (Fig. 1) . Activation of the HLA-G gene generates low levels of HLA-G transcripts in comparison to those of JEG-3 cells, and the appearance of at least the HLA-G1 and HLA-G2, G4 mRNA forms. The absence of HLA-G transcripts in other cell lines after both treatments (not shown) suggests that HDAC-mediated repression of the HLA-G gene is not a general, but a cell-specific, regulatory mechanism. When cells were subjected to the demethylating agent 5-Aza-dC at 1, 10, and 100 M, RT-PCR carried out with pan-HLA-G and HLA-G5-specific primers revealed HLA-G mRNA induction in the JAR cell line, as described (51), as well as in all treated cell lines (Fig. 2) . In the Tera-2 cell line, HLA-G expression seems to be limited to the HLA-G5 mRNA form (Fig. 2B) , whereas in other cells the hybridization patterns of HLA-G expression obtained with pan-HLA-G primers are very similar to JEG-3, with three major bands corresponding to HLA-G5, -G1; HLA-G2, -G4; and HLA-G3 mRNA forms (Fig. 2 A) . Real-time RT-PCR analysis showed that after 5-Aza-dC exposure, HLA-G transcripts levels were lower than those observed in JEG-3 cells and varied according to cell type. The highest HLA-G mRNA levels were observed in the JAR choriocarcinoma cell line, whereas the lowest were found in Tera-2 cells (Fig. 2C ). Demethylation treatment with 5-Aza-dC therefore appears to have a more pleiotropic effect on HLA-G gene activation than HDAC inhibitors.
5-Aza-dC Treatment Induces HLA-G Protein Expression in JAR and
B-Type Cell Lines. To further investigate the impact of demethylating treatments on the HLA-G protein expression, we first carried out Western blot analysis of cell lysates obtained from JAR, LCL 721.221, Raji, NKL, KG1a, and M8 cell lines previously treated with 5-Aza-dC at concentrations allowing transcriptional activation. They were compared with cell lysates obtained from untreated cells and from the JEG-3 cell line. The use of the 4H84 antibody, which specifically recognized all denatured HLA-G isoforms, did not reveal any HLA-G proteins in untreated cells, whereas it clearly revealed the presence of the HLA-G1 isoform in JEG-3 cells and in the JAR, LCL 721.221, and Raji cell lines that had been exposed to 5-Aza-dC (Fig. 3A) . Although HLA-G transcription was activated in the NKL, KG1a, and M8 cell lines after 5-Aza-dC exposure (Fig. 2) , the absence of HLA-G protein synthesis observed by Western blotting was confirmed by immunocytochemistry using the same anti-HLA-G antibody (data not shown). This finding suggests that the regulation of HLA-G expression is acting at the transcriptional and posttranscriptional levels.
Notably, 5-Aza-dC-treated LCL 721.221 or JAR cells used as controls of demethylation efficiency showed that HLA-G protein induction is heterogeneous (Fig. 3B) . Induction of the HLA-G protein after exposure to 5-Aza-dC was also monitored by flow cytometry analysis with the MEMG͞09 antibody, showing that HLA-G1 is induced and expressed at the cell surface of Ϸ30% of treated JAR, LCL 721.221, and Raji cells (Fig. 3C) .
Discussion
In our search to identify pathways that control HLA-G gene transcription and protein expression, we investigated the influence of epigenetic mechanisms, showing that the demethylation process may be an important mechanism in reversing HLA-G gene silencing in tumor and B-EBV cell lines exhibiting various phenotypes. Although this work has been done in cell lines that may have abnormal gene regulation at some levels, experiments do not seem to support that this is the case for HLA-G. Until now, the effect of demethylating treatment has mainly been analyzed in the JAR choriocarcinoma cell line (51), but was not expected to activate HLA-G genes in all of the cell lines tested in this study. Although methylation-mediated repression is known to target other HLA genes, for example, the HLA-A and HLA class II genes in trophoblasts (51, (58) (59) (60) , HLA-G silencing occurs independently of silencing of HLA-class I and II molecules, because the latter may be detected in cells in which HLA-G is repressed. Such a repression mechanism might thus account for tissue-specific expression of the HLA-G molecule and might explain the lack of HLA-G gene activation after cytokine exposure in cells devoid of basal HLA-G transcriptional activity (61) .
Several studies have shown that the quantity of HLA-G gene transcripts is an important parameter in the induction of HLA-G protein synthesis. We observed that HLA-G protein was expressed in 5-Aza-dC-treated JAR, LCL 721.221, and Raji cells, despite lower quantities of HLA-G mRNA, compared with JEG-3. We also noted that the induction of HLA-G protein expression was heterogeneous (Ϸ30% positive cells), suggesting that HLA-G mRNAs were not induced in HLA-G-negative cells. We thus propose that in the absence of cell cycle synchronization, it is possible that the efficiency of 5-Aza-dC treatment could vary according to the number of replication cycles.
Conversely, despite the enhancement of HLA-G transcription in M8, NKL, and KG1, we did not observe any protein expression after 5-Aza-dC treatment. The following hypothesis is proposed: (i) There are specific regulatory mechanisms acting at a posttranscriptional level, as well as one that does not imply protein assembly, because HLA-G molecules can be expressed in HLA-G-transfected M8 cells (55) . Such a process has been previously suggested with respect to trophoblast cell differentiation, where TAP, tapasin, and ␤ 2 -microglobulin were shown to accumulate in advance of the HLA-G protein, but were present at the same time as its mRNA (62) . (ii) A nonsense mutation or a mutation that prevents translation of the HLA-G mRNA is present. Interestingly, despite HLA-G transcriptional activation, the absence of induction of HLA-G protein expression in the M8 cell line was also reported in an earlier study, after heat-shock treatment or arsenic exposure (E. C. Ibrahim, P. Paul, and E.D.C., unpublished observations), and has also been described in some tumors (23, 63, 64) . (iii) The secreted cytokine pattern, which may differ according to the cell type, does not favor the enhancement of HLA-G gene transcription and͞or of HLA-G transcript stabilization, thus avoiding HLA-G protein expression.
Standard RT-PCR analysis using pan-HLA-G primers and HLA-G-specific Southern blot hybridization did not allow detection of HLA-G transcripts in 5-Aza-dC-treated Tera-2 cells. Nevertheless, very low levels of HLA-G mRNA were detected by real-time PCR, and probably corresponded to synthesis of the HLA-G5 mRNA form. If reversal of HLA-G silencing first involves HLA-G5 transcription, this is a hypothesis that needs to be investigated. Similarly, specific activation of the HLA-G5 isoform was observed during allogenic reactions in vitro (33) . Moreover, it was shown that in M8 cells treated with arsenite, HLA-G6 was the first transcript induced (40) . It thus appears that HLA-G transcripts that contain intron 4 might be preferentially expressed after HLA-G gene activation in some cell lines, suggesting tight control of HLA-G alternative splicing, which in part may be linked to the HLA-G allelic form (65) . For example, we can postulate that mutations in HLA-G gene splicing sites might favor the expression of intron 4-containing transcripts in some cell lines. On the other hand, intron 4 retention might be involved in the stabilization of these transcripts, thus allowing the HLA-G5 detection in Tera-2 cells.
Demonstration of the effect of demethylation treatment leads us to wonder about the mechanisms that govern HLA-G gene repression observed in untreated LCL 721.221, Raji, Tera-2, M8, NKL, and KG1a cell lines. Cytosine methylation at the dinucleotide CpG island is an important regulator of gene expression in higher eukaryotes, which has been shown to directly affect gene expression either by preventing binding of necessary transcription factors to the promoter, or more frequently, by involving methylated DNAbinding proteins that recruit accessory factors for transcriptional silencing (66) . This latter mechanism can lead to local recruitment of HDAC and thus may be hypothesized in the repression of the HLA-G gene in M8 melanoma cells, since both inhibitors of HDAC and demethylant treatments activate the HLA-G gene. Accordingly, the silencing of tumor-suppressor genes by hypermethylation is well described in human cancer and may involve the transcriptional repressor MeCP2, which is associated in vivo with chromatin modifiers and transcriptional corepressors (67) . Conversely, the absence of HLA-G activation in the other cell lines incubated with HDAC inhibitors suggests that such a process does not account for HLA-G silencing in these cells. Different mechanisms involving the methylation process may thus account for HLA-G silencing, according to the cell type.
The relationship between the methylation status of the HLA-G gene͞promoter and HLA-G transcriptional activity has been previously investigated in a few cell types, and these investigations led to the conclusion that gene͞promoter methylation was not the sole mechanism that achieves the repression (51, 52) . Nevertheless, these studies were limited to the proximal promoter region of the HLA-G gene, and questions remain concerning potential subsets of CpG sites that might be important in gene silencing. A trans-acting demethylating process could also be envisaged that reverses repression of specific transcriptional factors, which in turn would activate HLA-G transcription. Such a mechanism is well documented in the activation of HLA-class II genes after 5-Aza-dC treatment, which restores IFN-␥ inducibility to CIITA (58) . In such case, CpG methylation targets promoter IV in choriocarcinoma cell lines, and has been shown to be critical for transcriptional control of these genes (58, 60) . Whether DNA demethylation is a cis-acting and͞or trans-acting process involved in HLA-G gene activation is not yet known. This preliminary step will allow to direct a mapping of the methylated CpG, in the presence and absence of 5-Aza-dC, focusing on either the HLA-G promoter (distal and proximal regions) and͞or the promoter of a putative transcriptional factor induced by demethylating treatment.
In conclusion, the work reported here shows that epigenetic mechanisms may play an important role in the regulation of HLA-G expression, suggesting it may be an important step in the activation of the HLA-G gene in some pathological situations. Genome-wide demethylation is an event that occurs frequently in cancer cells, leading to gene activation, as it does for members of the MAGE family (68) . Consistent with this observation is the demonstration of the activation of the HLA-G gene in tumor cell lines treated with the DNA-demethylating drug 5-Aza-dC. Therefore, treatment blocking HDAC and͞or reversing DNA methylation (69, 70) , and the presence of a specific cytokine microenvironment such as IL-10 (28) or IFNs (26) , might favor enhancement of HLA-G transcription and protein expression in tumors and in some inflammatory processes. This finding suggests that the immunogenicity and tumorigenicity of various tumors may be potentially changed according to treatment.
Furthermore, it is becoming apparent that the mechanisms that control HLA-G gene activation have evolved to limit HLA-G expression, to control very specific functions in immune tolerance. Therefore, it is understandable that the HLA-G transcriptionalregulatory pathways shared with classical HLA-class I genes are very restricted. In some cases, such as those observed with the JAR and B-type cell lines Raji and LCL 721.221, it appears that the activation of HLA-G protein expression does not involve many steps, despite the absence of transcriptional activity. Reversal of HLA-G silencing thus appears to be favored in some HLA-Gnegative cell types to promote a rapid protective immune response.
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